The water use of rain-fed sugar-cane has come under the spotlight in South Africa, largely as a result of changes in legislation and a focus on streamflow reduction activities. In this study a robust relationship between sugar-cane yield and evapotranspiration derived by Thompson in 1976 is applied in conjunction with regional cane production records in South Africa. These were used to provide regional estimates of water use of commercial rain-fed and irrigated sugar-cane as affected by environmental limitations. The mean water use of sugar-cane at an industry scale was 598 mm·a -1 . This included irrigated cane and is approximately 40% of the mean industry potential evapotranspiration for a full canopy crop. An estimate of water use of rain-fed cane is approximately 36% of potential evapotranspiration. The results shown in this paper provide strong evidence that simple comparisons of the potential evapotranspiration of different crops or land covers are of little value in determining potential hydrological impacts of land-use changes. This illustrates that the use of potential sugar-cane evapotranspiration to compare this crop's impacts on streamflow reduction to those of original vegetation is a problematic approach and is fundamentally flawed.
Introduction
The water use of rain-fed sugar-cane has come into focus in South Africa, largely as a result of changes in legislation. In the new South African Water Act (Act 36 of 1998), definitions of water use have been extended to include: 'engaging in a streamflow reduction activity' (SFRA). An SFRA is defined in Section 36 of the Water Act as any activity, including the cultivation of any particular crop or vegetation which in relation to a particular area, has a significant impact on water availability to other users, including the Reserve. To date, forestry is the only declared SFRA; however, in light of the new Water Act, other crops or land covers have come under the spotlight as potential SFRAs.
In an influential study, Kruger et al. (2000) adopted a methodology whereby candidate SFRAs were determined based largely on a comparison of their potential evapotranspiration (PET) rates with the PET rates of corresponding Acocks veld types (Acocks, 1975) . In this study Kruger et al. (2000) reported that the PET of sugar-cane was approximately 1 400 mm·a -1 , compared to corresponding country-wide average PET rates of Acocks veld types of approximately 1 100 mm·a -1
. As a result, it was concluded that sugar-cane should be targeted for further investigation as a potential SFRA.
Estimates of the PET of a crop assume ideal growing conditions and no soil water limitations. However, in reality, growing conditions are seldom ideal and as a result the actual water use/evapotranspiration of a crop (AET), which represents the real water use, is very different to the PET. In addition, the AET of different crops can be very similar when grown under water limited conditions, such as in shallow soils, despite large differences in PET rates. An analogy is to consider several reservoirs, each containing the same amount of water. If the water in each of these reservoirs is pumped out with different sized pumps, the same total amount of water will be pumped, independent of the pump sizes, provided the reservoirs are not replenished. Therefore, if sugar-cane could potentially consume 1 400 mm·a -1 (a relatively larger pump in the analogy) and the Acocks veld type it replaces could potentially consume 1 100 mm·a -1 (a relatively smaller pump in the analogy), but only 700 mm·a -1 is available (the amount of reservoir water available for pumping in the analogy), then both vegetation covers are likely to consume close to 700 mm·a -1 . AET is therefore similar for both crops, and significantly less than PET, since AET will be limited by the amount of water available. This is simplistic, but it does highlight the fact that actual water use and potential hydrological impacts of different crops is complex and probably more dependent on limitations imposed by specific growing environments and rooting conditions, rather than a comparison of PET rates.
The key question, therefore, should be to establish the AET of sugar-cane (rather than the PET) in the different regions where this crop is grown. Currently research studies are underway whereby actual water use or AET of sugar-cane is measured using remote sensing techniques (e.g. Hemakumara et al., 2003) . Results from these and similar studies are, however, site and season specific and cannot be simply extrapolated to other conditions without limitations.
In this study a robust relationship between sugar-cane yield and AET derived by Thompson (1976) is applied in conjunction with historical cane yield records from mill areas in South Africa in order to give regional estimates of the actual water use of sugar-cane as affected by environmental limitations.
Methodology
During a sugar-cane water use study, Thompson (1976) son of in-field measurements of AET and cane yields using data from Hawaii, Australia, Mauritius and several locations in South Africa.
(1) where:
) is cane yield Equation (1) is well representative in the typical harvesting windows of commercial sugar-cane crops in South Africa. It has provided a benchmark for several subsequent research studies related to sugar-cane water use and biomass production (e.g. Coombs, 1984; Schulze, 1995; Lumsden et al., 1998; Singels and Bezuidenhout, 2002) and has since been widely referenced and acknowledged by researchers all over the world, including Brazil (Scarpari and De Beauclair, 2004) , Australia (Muchow et al., 1994; Robertson et al., 1996; Evensen et al., 1997), Thailand (Brzesowsky and Van Vilsteren, 1988) , the USA (Legendre and Burner, 1995) and Mauritius (Cheeroo-Nayamuth et al., 2000) . Regional production data from 1979 to 2002 were collated for the 15 sugar mills that were operational in 2002 (data courtesy of the SA Cane Growers Association). This information contained the total cane crushed at a mill per annum (C in t·a -1 ), the total area under sugar-cane farming (A in ha) and the total area harvested per annum (H in ha·a -1 ). Total cane crushed per annum (C) can be regarded as accurate since this information is used to remunerate growers. This figure, however, is an under-estimate of the total tonnage of cane produced in an area. Several factors may cause cane and mass losses before cane reaches the mill. These include:
• Cane grown in seed cane schemes • Cane spillages in the field, road and mill yard • Cane mass losses as a result of post-harvest respiration and evaporation (Egan, 1968; Lionnet, 1986; Wood and Du Toit, 1972) .
The above-mentioned were estimated at 2%, 1% and 2% of total annual cane production, respectively (SASRI Extension Department, 2005) . The value of C, therefore, needs to be inflated by 5%, which is done later in Eq. (3).
Estimates of areas (A and H) are less reliable compared to C (Wynne, 2001 ). This is due to unannounced changes to land-use activities, especially under small-scale enterprises. Small-scale growers, however, contribute less than 20% of the total annual crop. During calculations of water use, cognizance should be taken of areas left fallow. In this case a conservative estimate of 5% of A was assumed to be fallow at any time. This value is considered conservative because many growers, especially in recent years, have not followed recommended fallowing practices.
Changes to the industry's milling configuration during the period 1979 to 2002 were considered (Bezuidenhout, 2005) . The Nkwaleni and Empangeni Mills were combined with the Felixton Mill in 1985. The coastal Illovo Mill was relocated to Eston in the KwaZulu-Natal midlands in 1994. The Glendale Mill closed in 1997 and cane from that area was redirected to the Gledhow Mill. The Tongaat Mill was renamed to Maidstone Mill in 1982. In 1987 and 1995 new cane was delivered to this mill due to the closure of the Shakas Kraal and Mt. Edgecombe Mills, respectively. In all the above-mentioned cases, data from the different mills were pooled together accordingly.
The average age of harvested cane in a certain year (age in months) was calculated according to Eq. (2). (2) where:
f is the fraction of total area left fallow ( f = 0.05)
It should be noted that sugar-cane in South Africa is often grown for longer than 12 months. Therefore, the cane mass produced in one year (C' in t·a 
Results and discussion
The mean water use of sugar-cane at an industry scale was 598 mm·a -1 . This is approximately 40% of the mean annual sugar-cane PET for a full canopy crop, as calculated with the Penman-Monteith equation (McGlinchey and Inman-Bamber, 1996) . Figures 1a-e depict probability of non-exceedance plots of wu for the Northern Irrigated, Zululand, KwaZulu-Natal North Coast, Midlands and KwaZulu-Natal South Coast sugar growing regions, respectively. These plots indicate the percentage of seasons, per mill, where wu was below the associated value indicated on the x-axis. Each plot also indicates an estimate of the region's mean annual sugar-cane evaporative demand for a full canopy crop. Mean annual sugar-cane evaporative demands were calculated by Bezuidenhout (2005) using the estimation methodologies of McGlinchey and Inman-Bamber (1996) and Hargreaves and Samani (1985) . In Table 1 the mean wu for different mill supply areas is summarised and compared to the mill area's mean annual precipitation. The same values are illustrated in Fig. 2 to depict spatial trends.
Water use in the Northern Irrigated regions, viz. Mpumalanga and Pongola regions, is significantly higher compared to other regions, but is still well below potential water use (Fig. 1a) . It should also be noted that wu in these areas is well above mean annual rainfall (MAP, Table 1 and Fig. 2) , which clearly indicates the crop's dependency on irrigation. Mill areas in Zululand differ markedly from each other (Fig. 1b) . Zululand has a wide range of climatic regions, stretching from high-altitude mistbelt conditions at the Entumeni Mill to flood plain and large irrigated areas at Umfolozi. In the North Coast, Midlands and South Coast regions (Fig 1c-e) , water use between mills within the same region was similar. It is noted that water use on the South Coast was similar to those in the Midlands, even though the evaporative demand on the coast is higher. This is probably attributed to:
• Poorer sandy soils and hence more water stress on the coast • Inclusion of some irrigated cane in the Midlands.
The South Coast is the only region where the influence of irrigated cane on water use estimates could be neglected. The median water use as a percentage of PET in this region is 36%. 
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The actual water use estimates for sugar-cane also reflect the fact that, for a large part of the growing season, the crop is not at full canopy and limited growth and water use take place, especially during the winter months. Water use (wu) compared to MAP in the South Coast is relatively low; however, these figures were confirmed during simulations of the ACRU hydrological model (Schulze, 1995) , as well as from grower field records. Unutilised rain water can be expected to drain out of the profile, evaporate from the soil and foliage, or run off the surface. The proportions of these respective water balance components are unknown and further research is needed to enable sugar producers to perhaps utilise MAP more effectively.
Conclusion
In the introduction of this paper it was reasoned that actual water use (i.e. AET) of a crop is likely to be very different to potential water use (i.e. PET) owing to environmental constraints. The results shown in this paper, which are based on recorded crop production and a well researched, supported and field tested relationship between crop production and AET, provide strong evidence to support this reasoning. Therefore, comparisons of PET of different crops or land covers are of little value in determining potential hydrological impacts.
The average actual water use of sugar-cane determined in this study was 598 mm·a (McGlinchey and Inman-Bamber, 1996) . in other studies. It is apparent that the availability of soil water is limiting in the evapotranspiration process for rain-fed sugar-cane in South Africa. When soil water availability is limiting:
• Differences between the AET of different crops are likely to be small even though the PET rates of the crops may be relatively larger, and furthermore, • The below-ground rooting characteristics of different crops, which affect availability of soil and below-ground water, are likely to be very important determinants of hydrological impacts, probably more important than any differences in PET rates.
The use of PET comparisons to determine potential streamflow reduction activities (SFRAs) is, therefore, over-simplified.
Whether there are any significant differences between the actual water use of different crops or land covers and whether or not these will manifest as significant impacts on water availability to competing users will require systems analyses with process-based and representative hydrological models. Such models should, amongst other things, account for the impacts of water availability on the evapotranspiration process. This study provides a benchmark of actual sugar-cane water use, which will be valuable in any such modelling exercise.
